Highlights 50 51  Phytoplankton in the Ross Sea change their photosynthetic physiology over 52 the growing season to a strategy requiring less iron. 53  This results in fluorescence yields per chlorophyll and PSII both increasing as 54 the growing season develops. 55  This observation may help explain the well characterised seasonal progression 56 from to Phaeocystis spp. to diatom spp. over the growing season and also have 57 implications for the assessment of primary production from estimates of 58 chlorophyll in this region. 59
The bioavailability of iron influences the distribution, biomass and productivity of 27 phytoplankton in the Ross Sea, one of the most productive regions in the Southern 28
Ocean. We mapped the spatial and temporal extent and severity of iron-limitation of 29 the native phytoplankton assemblage using long-(>24 h) and short-term (24 h) iron-30 addition experiments along with physiological and molecular characterisations during 31 a cruise to the Ross Sea in December-February 2012. Phytoplankton increased their 32 photosynthetic efficiency in response to iron addition, suggesting proximal iron 33 limitation throughout most of the Ross Sea during summer. Molecular and 34 physiological data further indicate that as nitrate is removed from the surface ocean the 35 phytoplankton community transitions to one displaying an iron-efficient photosynthetic 36 strategy characterised by an increase in the size of photosystem II (PSII) photochemical 37 cross section (σPSII) and a decrease in the chlorophyll-normalised PSII abundance. 38
These results suggest that phytoplankton with the ability to reduce their photosynthetic 39 iron requirements are selected as the growing season progresses, which may drive the 40 well-documented progression from Phaeocystis antarctica-assemblages to diatom-41 dominated phytoplankton. Such a shift in the assemblage-level photosynthetic strategy 42 potentially mediates further drawdown of nitrate following the development of iron 43 deficient conditions in the Ross Sea. The Ross Sea continental shelf is the most productive region in the Southern 64
Ocean (Arrigo and van Dijken, 2004; Peloquin and Smith, 2007) , with an annual 65 productivity >200 g C m -2 (Smith et al., 2006) , which may account for as much as 27% 66 of the estimated total Southern Ocean biological CO2 uptake (Arrigo et al., 2008 ). An 67 understanding of the controls on primary productivity is therefore needed given the 68 potential for future changes in stratification (Boyd et al., 2008; Smith et al., 2014) and 69 nutrient inputs to this region (Mahowald and Luo, 2003; Tagliabue et al., 2008) . 2003). Light availability may limit spring phytoplankton growth when vertical mixing 88 is deep and daily integrated irradiance is low, this mixing will also supply dissolved 89 iron (DFe) to the euphotic zone (McGillicuddy et al., 2015) . As the growing season 90 progresses and the water column stratifies, the flux of DFe from below is likely reduced 91 and may therefore become a more significant factor in limiting phytoplankton growth 92 of flavodoxin (Maucher and DiTullio, 2003) and enhanced biological drawdown of 97 silicate relative to nitrate (Arrigo et al., 2000; Smith et al., 2006) . 98
Changes in phytoplankton composition from P. antarctica to diatom species 99 may be linked to the co-limitation and interaction between iron and light. Boyd (2002) 100 speculated that P. antarctica growth is limited by Fe availability from spring through 101 late summer. Sedwick et al. (2007) further proposed that decreases in iron availability 102 through spring are mitigated by increases in irradiance, thereby decreasing 103 phytoplankton iron requirements. The differences in intracellular iron requirements 104 alongside changes in the light environment may explain the community succession of 105 the Ross Sea, where diatoms can outcompete P. antarctica in the late summer (Strzepek 106 et al., 2012) . 107
Phytoplankton that dominate in the Ross Sea may therefore need to be adapted 108 to highly variable iron concentrations and light availability (Sedwick et al., 2011 ). An 109 antagonistic relationship between irradiance and photosynthetic Fe demand may be 110 predicted given that lower irradiances can increase Fe requirements associated with the 111 synthesis of the additional photosynthetic units required to increase light absorption 112 (Maldonado et al., 1999; Raven, 1990; Sunda and Huntsman, 1997) . Each 113 photosynthetic electron transfer chain requires 22-23 Fe atoms, and the photosynthetic 114 apparatus can be the largest sink of Fe within a phytoplankton cell (Raven, 1990; Shi 115 et al., 2007; Strzepek and Harrison, 2004) . In contrast to the tight link between cellular 116
Fe requirements and light harvesting capacity, studies on Southern Ocean diatoms and 117 P. antarctica in culture suggest the Fe burden of photosynthesis may be significantly 118 reduced for these species through increases in the size rather than the number of 119 photosynthetic units (termed sigma-type acclimation) in response to iron/ and light 120 limitation (Strzepek et al., 2012; Strzepek et al., 2011) . Effectively, these Southern 121
Ocean taxa appear to invest relatively more resources in the generation of a larger light-122 harvesting apparatus, rather than in the Fe-rich photosynthetic catalysts of 123 photosystems I and II (Strzepek et al., 2012) . This Fe-efficient strategy appears to be 124 most pronounced for Southern Ocean diatoms, which, in culture can have some of the 125 largest light harvesting antennae reported (Strzepek et al., 2012) , a phenotype which is 126 more commonly associated with small cells (Suggett et al., 2009 ). The photosynthetic 127 strategy of Southern Ocean diatoms may therefore contribute to the apparently low Fe 128 requirement and cellular Fe:C ratio of these species (Coale et al 
Values of Δ(Fv/Fm) were frequently positive following iron addition (ranging from 0.00 277 -0.17) ( Fig. 4a ), suggesting that Fe amendments increased the photosynthetic 278 efficiency of phytoplankton in much of the Ross Sea during the sampling period. 279
Data from long-term (168 h) experiments (Table 1 and Fv/Fm (i.e., a positive Δ(Fv/Fm)) after 24 h (Fig. 4a) , with subsequent significant 287 (ANOVA, p<0.05) increases in growth rates and nutrient removal observed after 168 h 288 (Table 1) . Experiment 2, initiated over the Ross Bank, did not show an increase in 289 photosynthetic efficiency Δ(Fv/Fm) ( Fig. 4a ). Moreover, growth rate and nutrient 290 removal were not significantly different between control and iron-addition conditions 291 until after >168 h (ANOVA, p>0.05) (Table 1) , which most likely reflects severe 292 depletion of ambient DFe in the control treatments by this time. The Ross Bank (Fig.  293 4a, Table 1 ) has a shallow bathymetry (~150 m), and none of the Fe-addition 294 experiments in this region showed a significant response (Fig. 4) . The Ross Bank may 295 therefore provide significant and continuous DFe inputs to the euphotic zone, thereby 296 ultimately stimulating productivity. 297
The measurement of Fv/Fm is derived from analysis of the fluorescence kinetics 298 emitted from the photosynthetic reaction centre photosystem II (PSII) and its associated 299 grazing, sinking and physical removal. All spatial data therefore represent a mosaic of 321 different temporal progressions that represent different stages of phytoplankton 322 development. We utilise surface nitrate (DIN) as a proxy to separate the temporal 323 patterns from any spatial differences (Fig. 5 ). As phytoplankton biomass (Chl) 324 increased, nutrients were removed and Fv/Fm reduced (Figs. 3, 5a ). Pigment data 325 showed that the nutrient drawdown and Chl increase in parallel with a shift from P. 326 antarctica-dominated to diatom-dominated assemblages (Figs. 3, 5b ). Within this 327 conceptual framework, the relative severity of Fe-stress (ΔFv/Fm) may be inferred from 328
the Fe-addition incubation experiments. Two potential phases of Fe deficiency were 329 identified ( Fig. 5c ): first, when DIN concentrations remain high (> ~20 µM) and P. 330 antarctica is a major component of the phytoplankton (labelled '1'), and secondly when 331 DIN is further removed (to < ~20 µM) by diatom-dominated communities (labelled '2'; 332 concentrations and increases as DIN and Fv/Fm decrease (Fig. 6b ). Combining the 343 protein abundance data and the photophysiological measurements, the maximum 344 fluorescent yield per chlorophyll (Fm:Chl) ( Fig. 6c ) and per PSII (Fm:PsbA) ( Fig. 6d ) 345
can also be calculated. Both of these parameters increase, by 46 and 296% respectively, 346 with decreases in DIN and Fv/Fm. 347
Together, these photophysiological measurements and corresponding 348 environmental information at the time of sampling therefore indicate several significant 349 correlations ( Fig. 3 & Supplementary Information, S1) there is a significant negative correlation between Fm:Chl and PSII:Chl (p<0.01) ( Fig.  360 3). While there can be an array of reasons for diatoms being better at acquiring and 373 utilising available DFe as it becomes limiting during summer in the Ross Sea, 374 differences in photosynthetic strategy have the potential to be a significant factor in 375 represents the dominant sink for Fe in a phytoplankton cell (Raven, 1990; Strzepek and 377 Harrison, 2004) . The analysis presented here clearly demonstrates that a different 378 photosynthetic strategy is apparent within the phytoplankton community responsible 379 for the initial DIN removal vs. those responsible for the later DIN removal. These whereby the increase in the ratio of Chl:PSII mirrors the increase in σPSII. (Fig. 6b) . 391
This strategy could significantly reduce the iron-demand normally associated with the 392 photosynthetic apparatus. Phytoplankton that dominate at low DIN have a particularly 393 large σPSII and have increased Chl:PSII values by 255%, again in agreement with culture 394 studies in which Southern Ocean diatoms have larger σPSII than P. antarctica (Strzepek 395 et al., 2012) . 396
We thus suggest that the diatoms that dominate in summer as DIN is removed may 397 represent a refined strategy to reduced iron availability, noting that previous 398 information from temperate taxa and regions (Suggett et al., 2009) photoprotective strategies. Despite these potential negative consequences of a large 407 σPSII, Antarctic diatoms seem to have adopted a phenotypic response underlining the 408 relevance of iron-availability and providing some explanation for the low Fe:C ratios 409 in some of these species (Strzepek et al., 2012) . 410
While the observations in this study were restricted to the summer season they 411 do include DIN concentrations similar to those estimated for the winter mixed layer 412 nitrate concentration (McGillicuddy et al., 2015) and so potentially conditions 413 analogous to a broader seasonal progression in phytoplankton composition in the Ross 414 Sea from P. antarctica early in the growing season to diatom-dominance later in 415 summer (Smith et al., 2010) . The dataset therefore provides indications of potential 416 contributory mechanisms for this seasonal progression, while also reflecting the large 417 degree of spatial heterogeneity in physical and biological processes throughout the 418 growing season in the Ross Sea (Smith and Jones, 2015) . 419
The data presented here also provide insights into the mechanism of the iron- 
Conclusions

434
The current study represents an analysis of the summer photosynthetic strategies of 435 phytoplankton in the Ross Sea and highlights how different iron-efficiency strategies 436 occur in phytoplankton as Fe becomes limiting and irradiance availability becomes 437 maximal. This is important for understanding Fe usage efficiency in the region. The 438
Ross Sea clearly differs from other high latitude regions due to plankton composition, 439 yet iron availability still contributes to reduced growth rates and macronutrient removal. Supplementary Information, Equation S1 ) and nitrate drawdown 699 ( Supplementary Information, Equation S2 ) over 168 h. Shown are averages ± standard errors 700 (n = 3 or 5), * indicate significant differences (Two-way ANOVA, p<0.05) from control. 
